Abstract: There is limited information on the effect of weed size at the time of application on glyphosate efficacy in Ontario. Eleven field trials were conducted over a 3 yr period (2010)(2011)(2012) in Ontario to determine the biologically effective dose of glyphosate applied postemergence (POST) in corn at doses of 112.5-1350 g acid equivalent (a.e.) ha −1 for the control of various grass and broadleaved weed species when the weeds were 10, 20 or 30 cm in height. The GR90 for redroot pigweed, common ragweed, common lamb's-quarters, barnyardgrass, and green foxtail were 353, 630, 621, 763, and <112.5 g a.e. ha −1 when applied at 10 cm weed height, 235, 201, 906, 868, and 296 g a.e. ha −1 when applied at 20 cm weed height, and 792, >1350, >1350, 912, and 675 g a.e. ha −1 when applied at 30 cm weed height, respectively. Corn yields were maximized when glyphosate was applied to weeds that were up to 10 cm in height, but was reduced with later glyphosate application timings. The results of this study reinforce the importance of early POST weed control in corn.
Introduction
Glyphosate [N-(phosphonomethyl) glycine] has been referred to as the most important herbicide discovered during the era of weed management using synthetic herbicides (Sikkema and Soltani 2007) . Glyphosate is a non-selective foliar applied herbicide that can be applied preplant (PP), preemergence (PRE), and postemergence (POST) for broad spectrum control of emerged annual, biennial, and perennial weeds (Ontario Ministry of Agriculture, Food and Rural Affairs 2014; Shaner 2014) . Glyphosate inhibits 5-enolpyruvyl shikimate-3-phosphate (EPSP) synthase, an enzyme in the shikimate acid pathway that is needed for the biosynthesis of aromatic amino acids phenylalanine, tryptophan, and tyrosine, which are critical for protein synthesis and other metabolic processes involved in plant growth and development (Franz et al. 1997; Duke et al. 2003; Shaner 2014) . Glyphosate-resistant crops were introduced during the 1990s and have been rapidly adopted by crop producers throughout the Americas (Sikkema and Soltani 2007) . Incorporation of glyphosate-resistant traits into crops has enabled crop producers to integrate glyphosate POST for the effective control of troublesome weeds (Sikkema and Soltani 2007) .
The use of glyphosate in glyphosate-resistant corn has provided corn producers in eastern Canada with an additional weed management option that provides a wide window of herbicide application timing and broad spectrum control of difficult to control weed species with minimal risk of crop injury (Sikkema and Soltani 2007) . Glyphosate has been reported to provide less than adequate control of some weed species under some environmental conditions (Hartzler et al. 2006) . Studies have shown that higher doses of herbicides are generally needed to control larger weeds compared to smaller weeds of the same species (Edmund and York 1987; Clay et al. 1995; Jordan et al. 1997) . However, some weeds such as johnsongrass [Sorghum halepense (L.) Pers.] have been shown to be better controlled by herbicides such as nicosulfuron when applied to older plants (Obrigawitch et al. 1990; Jordan et al. 1997) . Intraspecific variation in glyphosate sensitivity has also been reported in some studies. Hartzler et al. (2006) reported that nearly twice the dose of glyphosate was needed to control waterhemp (Amaranthus rudis L.), velvetleaf (Abutilon theophrasti L.), and ivyleaf morningglory (Ipomoea hederacea Jacq.) when applied to larger individuals late in the season compared to smaller individuals early in the season.
Currently, there is limited information on the biologically effective dose of glyphosate applied postemergence based on weed size under Ontario environmental conditions. Determining the most appropriate glyphosate dose based on the stage of weed growth will help growers to maximize weed control and crop yields.
Therefore, the objective of this study was to determine the dose of glyphosate required to reduce weed biomass by 90% and maintain corn yield above 95% of an untreated control based on weed size (10, 20, and 30 cm height) at the time of application for several weed species.
Materials and Methods
Eleven field trials were conducted over a 3-yr period (2010) (2011) (2012) at two locations in southwestern Ontario. Nine field trials were conducted from 2010 to 2012 at the University of Guelph Ridgetown Campus, Ridgetown, Ontario, and two trials were conducted in 2011 and 2012 at Agriculture and Agri-Food Canada, Harrow, Ontario. Seedbed preparation at all sites consisted of fall tillage using a moldboard plow followed by two passes in the spring with a field cultivator with rolling basket harrows. Plots were fertilized with 170 kg ha −1 of nitrogen.
Treatments were arranged as a split plot design, with four replications at each field site with an indigenous weed seed bank. The main plot was weed size and the sub-plot was glyphosate dose. Treatments consisted of an untreated (weedy) control, a weed-free control, and glyphosate applied POST at 112.5, 225, 450, 675, 900 , and 1350 g a.e. ha −1 . Plots measured 2 m wide and 8 or 10 m long and were seeded with locally adapted glyphosateresistant corn hybrids . Corn was planted 3-4 cm deep at the rate of 80 000 seeds ha −1 in rows spaced 75 cm apart. Herbicides were applied using a CO 2 -pressurized backpack sprayer calibrated to deliver 200 L ha −1 at 207 kPa using ULD 120-02 nozzles (Hypro, New Brighton, MN, USA). Each main plot received the herbicide when at least 75% of the weeds within each main plot were at the appropriate size. Herbicide applications were made with a 1.5 m boom with four nozzles spaced 50 cm apart. Weed dry weight (biomass) per square meter by species was determined at 6 wks after the 30 cm treatment (WAT) by cutting plants at the soil surface from two 0.5 m 2 quadrats per plot. Plants were dried at 60°C to constant moisture then weighed. Corn was harvested from each plot with a small plot combine, seed weight and seed moisture content were recorded; seed yield were adjusted to 15.5% seed moisture content.
All data (weed dry matter and crop yield) were subjected to analysis of variance (ANOVA) using PROC MIXED in Statistical Analysis Systems (SAS) statistical software (SAS 2008) . The variances were partitioned into the fixed effect of glyphosate dose and weed size and into the random effects of environment (year and location), the interaction between environment and fixed effects, and blocks nested within environment. The assumptions of the variance analysis were tested by ensuring that the residuals were random, homogeneous, with a normal distribution about a mean of zero using residual plots and the Shapiro-Wilk normality test. When the interaction between environment and the fixed effects was not significant, data were pooled by environment.
To assess weed control and estimate the dose of glyphosate required to provide 90% (ED 90 ) reduction in weed dry matter, regression of weed dry matter over herbicide dose was performed using the log-logistic model described by Seefeldt et al. (1995) and modified by Schabenberger et al. (1999) 
where Y is the response (e.g., weed dry matter), A is the lower limit, D is the upper limit, K is percentage reduction in weed dry matter, B is the slope of the line, I K is the dose giving K response, and X is the herbicide dose. The doses of glyphosate required to obtain 90% (ED 90 ) reduction of weed dry matter and the regression parameters were estimated using R statistical software and the dose-response curve (drc) package (Ritz and Streibig 2005; Knezevic et al. 2007 Knezevic et al. , 2009 ) and were performed separately for each weed species. The dose-response curves that were generated describe the relationship of the herbicide dose (on a logarithmic scale) against the percent reduction (linear scale) of weed dry matter as a percentage of weed dry matter in an untreated check. Dose-response curves for size classes within each species were compared using a lack of fit test as described by Seefeldt et al. (1995) .
Corn yield data were subjected to an ANOVA using the PROC MIXED in SAS. The interaction of environment and glyphosate dose was not significant (p < 0.05), therefore, data were pooled by environment. Corn yields were converted to a percentage of the yield obtained in the weedfree control. A regression of the transformed yield data against herbicide dose was then performed using a hyperbolic model described by Cousens (1985) 
where Y is corn yield as a percentage of yield obtained in the weed-free control, d is herbicide dose, I is the slope, and A is the upper limit of the hyperbolic line. The regression parameters were obtained using PROC NLIN in SAS. The curve was used to determine the dose of glyphosate required to obtain at least 95% of the corn yield in comparison to the weed free control. This percentage was based on the optimal yields reported in previous research (Knezevic et al. 2009; Nurse et al. 2010) , and was deemed commercially acceptable.
Results and Discussion

Weed control
The dominant weed species at the experimental sites were redroot pigweed (Amaranthus retroflexus L.), common ragweed (Ambrosia artemisiifolia L.), lamb's-quarters (Chenopodium album L.), barnyardgrass (Echinochloa crus-galli L.), and green foxtail (Setaria viridis L.) The interaction of environment and glyphosate dose was not significant (p < 0.05) and the interaction of environment and weed size was significant (p < 0.05); therefore, data were pooled by environment, but separated by weed size.
Redroot pigweed
Control of redroot pigweed increased as the dose of glyphosate increased (Fig. 1A) . There was higher redroot pigweed control when weeds were 10 or 20 cm in height at the time of glyphosate application compared to the application of glyphosate when redroot pigweed was 30 cm in height (Table 1; Fig. 1A ). When glyphosate was applied to 10, 20, and 30 cm tall redroot pigweed, 353, 235, and 792 g a.e. ha −1 of glyphosate was required to reduce redroot pigweed dry matter 90%, respectively (Table 1) . The commonly used dose of glyphosate at 900 g a.e. ha −1 was sufficient to provide 90% or greater redroot pigweed dry matter reduction at all application timings. Results are similar to those of Jordan et al. (1997) , who found in North Carolina and Louisiana that glyphosate applied early POST (EPOST) and mid POST (MPOST) provided better redroot pigweed control than when applied late POST (LPOST). Glyphosate applied at 630 g a.e. ha −1 provided more than 90% control of redroot pigweed at all application timings of EPOST, MPOST, and LPOST (Jordan et al. 1997 ).
Common ragweed
Control of common ragweed increased as the dose of glyphosate increased (Fig. 1B) . There was an improvement in common ragweed control when weeds were 10 or 20 cm in height at the time of glyphosate application compared to the application of glyphosate when common ragweed was 30 cm in height (Table 1; Fig. 1B) . When glyphosate was applied to 10, 20, and 30 cm tall common ragweed, 630, 201, and >1350 g a.e. ha −1 of glyphosate was required to reduce common ragweed dry matter 90%, respectively ( Table 1 ). The commonly used dose of glyphosate at 900 g a.e. ha −1 was not sufficient to reduce common ragweed dry matter 90% or greater when applied when common ragweed was 30 cm in height at the time of glyphosate application. In other studies, Gower et al. (2003) found that glyphosate applied at 840 g a.e. ha −1 to annual broadleaf weeds including common ragweed provided less than 90% control when applied to weeds at 5 cm in height and greater than 90% control when applied to weeds that were at 10, 15, 23, or 30 cm in height.
Lamb's-quarters
Control of lamb's-quarters increased as the dose of glyphosate increased (Fig. 1C) . There was an improvement in lamb's-quarters control when weeds were 10 cm in height at the time of glyphosate application compared to the application of glyphosate when lamb'squarters was 20 or 30 cm in height (Table 1; Fig. 1C ). When glyphosate was applied to 10, 20, and 30 cm lamb's-quarters, 621, 906, and >1350 g a.e. ha −1 of glyphosate was required to reduce lamb's-quarters dry matter 90%, respectively (Table 1) . The commonly used dose of glyphosate at 900 g a.e. ha −1 was not sufficient to provide 90% or greater control of lamb's-quarters at 30 cm height.
Barnyardgrass
Control of barnyardgrass increased as the dose of glyphosate increased (Fig. 1D ). There was a slight improvement in barnyardgrass control when weeds were 10 or 20 cm in height at the time of glyphosate application compared to the application of glyphosate when barnyardgrass was 30 cm in height; however, this was not statistically significant (Table 1 ; Fig. 1D ). When glyphosate was applied to 10, 20, and 30 cm barnyardgrass, 763, 868, and 912 g a.e. ha −1 of glyphosate was required to reduce barnyardgrass dry matter 90%, respectively (Table 1) . The commonly used dose of glyphosate of 900 g a.e. ha −1 was not sufficient to provide 90% or greater control of barnyardgrass at 30 cm height. Results are similar to Gower et al. (2003) that found greater than 90% control with glyphosate when applied at 840 g a.e. ha −1 to annual grasses that were up to 30 cm in height.
Green foxtail
Control of green foxtail increased as the dose of glyphosate increased (Fig. 1E) . There was an improvement in green foxtail control when weeds were 10 or 20 cm in height at the time of glyphosate application compared to the application of glyphosate when green foxtail was 30 cm in height (Table 1 ; Fig. 1E ). When glyphosate was applied to 10, 20, and 30 cm green foxtail, <112.5, 296, and 675 g a.e. ha −1 of glyphosate was required to reduce green foxtail dry matter 90%, respectively (Table 1) . The commonly used dose of glyphosate at 900 g a.e. ha −1 was sufficient to provide 90% or greater control of green foxtail at all application timings. Similarly, Gower et al. (2003) found that glyphosate applied at 840 g a.e. ha −1
to annual grasses including giant foxtail at 5, 10, 15, 23, and 30 cm of height provided 74%, 84%, 90%, 93%, and 95% control, respectively.
Corn yield
No significant dose by environment interaction was present; therefore, yield data for all environments were pooled for further analysis. Corn yields were maximized when glyphosate was applied when weeds were up to 10 cm in height (Fig. 2) . Corn yield was reduced with later glyphosate application timings which reinforce the value of early postemergence weed control in corn (Fig. 2) . Similarly, Gower et al. (2003) reported glyphosate applied when weeds were 5, 10, 15, 23, and 30 cm in height resulted in corn yield of 101%, 97%, 93%, 91%, and 79% compared to the weed-free control, respectively. Other studies have also shown that when weeds are not controlled during early stages of corn development, significant yield losses can occur (Anderson 1996; Jordan et al. 1997; Hartzler et al. 2006) .
In summary, reduction of weed biomass varied with weed species in response to glyphosate applied POST at various application timings. Redroot pigweed, common ragweed, lamb's-quarters, barnyardgrass, and green foxtail control increased as the dose of glyphosate increased. Generally, there was an improvement in control of redroot pigweed, common ragweed, lamb's-quarters, barnyardgrass, and green foxtail when weeds were 10 or 20 cm in height at the time of glyphosate application compared to the application of glyphosate when the weeds were 30 cm in height. Generally, when glyphosate was applied to 10 or 20 cm redroot pigweed, common ragweed, lamb's-quarters, and barnyardgrass the common use rate of 900 g a.e. ha −1 of glyphosate was sufficient to provide 90% or greater control. However, greater than 900 g a.e. ha −1 of glyphosate was required to provide 90% or greater control when applied to common ragweed, lamb's-quarters, and barnyardgrass at 30 cm in height. Corn yields were maximized when glyphosate was applied when weeds were up to 10 cm in height and yield was reduced with later glyphosate application timings. Based on this study, the early applications of glyphosate result in improved weed control and higher corn yields under Ontario environmental conditions.
